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collimated ultrashort X-ray flash known as betatron radiation with photon energy ranging from keV to MeV 3 . This implies that usually one cannot obtain both bright betatron X-rays and high quality electron beams with low emittance simultaneously in the same accelerating wave bucket. Here, we report the first experimental observation of two distinct electron bunches in a single laser shot, one featured with quasi-monoenergetic spectrum and another with continuous spectrum along with large emittance. The latter is able to generate high flux betatron X-rays. Such observation is found only when the laser self-guiding is extended over 4mm. Numerical simulation reveals that two bunches of electrons are injected at different stages due to the bubble evolution. The first bunch is injected at the beginning to form a stable quasi-monoenergetic electron beam, while the second one is injected later due to the oscillation of the bubble size as a result of the change of the laser spot size during the propagation. Due to the inherent temporal synchronization, this unique electron-photon source can be ideal for pump-probe applications with femtosecond time resolution.
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Synchrotron light sources are powerful in generating bright X-rays for a wide range of applications in basic science, medicine, and industry 4 . However, these machines are usually large in size and expensive for construction and maintenance and are thus unaffordable to broad users. With the advent of table-top ultra-short and ultra-intense lasers, laser-plasma acceleration (LPA) proposed by Tajima and Dawson  5 has demonstrated its great potential as a compact accelerator and X-ray source. Significant progress in LPA was made in the last decade: well-collimated (~mrad)
quasi-monoenergetic electron beams were first observed in 2004 [6] [7] [8] , and the electron energy above GeV over cm-scale acceleration length 1,2,9,10 were demonstrated in several laboratories in the last few years.
While accelerating longitudinally in the laser wakefield, the electron beams also oscillate transversally (wiggling motion) due to the transverse structure of the wakefield, which emits well-collimated betatron X-rays 11 . Among several mechanisms to generate X-ray radiation from laser-plasma interactions [12] [13] [14] [15] [16] [17] , the betatron radiation is straightforward and able to deliver larger X-ray photon flux per shot (10 8 phs/shot 18 ) and higher photon energy (up to gamma rays 3 ). The betatron oscillation frequency is given by carried out to enhance the radiation flux, for example, to increase the electron charge, the electron energy, the oscillation amplitude r 0 , and oscillation period N β through extending the acceleration length. However, many experiments have shown that the improvement of the betatron X-ray flux always needs to sacrifice the electron beam quality. For example, as mentioned above, since N x r 0 , the increasing of r 0 is considered as an efficient way to enhance the x-ray flux, which result in a larger electron emittance and energy spread.
In this paper, we demonstrate the simultaneous generation of quasi-monoenergetic electron beams and collimated high flux X-ray sources from multiple-injections in self-injected LWFA on a hundred-terawatt (TW) laser system using 1cm long Helium gas jet. Two sequentially injected bunches of electrons are observed in experiment, where the first bunch forms a quasi-monoenergetic spectrum around 0.46 GeV with < 9% energy spread and the second bunch contains more electrons but forms a broad spectrum with highest energy up to 1.4 GeV. Such energy is beyond the energy gain estimated by the usual dephasing-limit 12 . A betatron X-ray flash, which had 4.5x10 8 photons per shot and with critical photon energy ~15 keV, was generated simultaneously at a fixed plasma density (4x10 18 cm -3 ). This is higher than the density matched to the blow-out regime 22 .
Two-dimensional particle-in-cell (2D PIC) simulations illustrate that the experimental observation can be attributed to sequential injections of two electron bunches as the plasma channel length increases. The first injection is found at early time, which finally forms a stable quasi-monoenergetic electron beam. The second injection appears later as a result of the laser spot size oscillation, leading to the rapid changes of the accelerating bubble structure. The latter is consistent with experimental observation of the bright betatron X-ray flux.
The experimental setup is shown in Fig. 1 . The laser pulses from the hundred-TW laser system are focused on a helium gas jet nozzle (see Methods for details) to create a fully ionized plasma and to excite a relativistic wakefield (plasma wave) which self-trap and accelerate electrons. Knowing that the critical laser power for relativistic self-guiding in the plasma is given by P cr (GW)=17.7ω 2 /ω p 2 , and the used plasma density of 4×10 18 cm -3 , thus our laser pulses are well above the self-guiding threshold (P =100 TW =13 P cr ) and can be self-guided over a long distance (> 1 cm ≅ 10z R ) 23 . The dephasing length for the accelerated electrons L d ~ λ p 3 /λ 0 2 is 7 mm at the above density for 800 nm laser wavelength. case. As we increased the incident laser power, the observed channel length was increased to ~ 4 mm (Fig. 2g) . In the meanwhile, the energy of the qusi-monoenergetic electron bunch approaches 290 MeV (ΔE/E~20%) and a low energy second bunch starts to appear in the spectrum (Fig. 2b) . In this laser shot, a weak betatron radiation signal of 2.7×10 7 photons (E c~1 5 keV) also appears. For a longer channel of 6 mm realized by further increasing the laser power (Fig. 2h) , the maximum energy of the second electron bunch surpasses the first bunch. From the Figs. 2c and 2k, the two electron bunches overlap in the energy spectra but are still distinguishable, with central energy ~0.43 GeV for first electron bunch and the maximum energy up to 0.6 GeV for the second one.
Correspondingly, the betatron radiation becomes much brighter; 1. Considering the attenuating filters between the gas jet and the X-ray detector, the critical energy of the observed betatron radiation (at Image Plate 3) was around 15 keV (see Methods). Moreover, the betatron-radiation increases its brightness with the channel length, which is measured with flux of 2.7×10 8 and 4.5×10 8 photons and divergence angles of ~ 5 and 7 mrad, respectively, for the channel lengths of 9 and 10 mm. These yields of hard X-ray photons amount to ~10-fold enhancement compared with those reported earlier 18 .
To further understand our experimental results, 2D-PIC simulations have been carried out (see Methods) using similar laser and target parameters. Different normalized laser pea amplitudes a 0 =2.3~3.8 have been set in the simulation, corresponding to the peak laser of 1.1×10 19 -3.0×10 19 Wcm -2 . When a 0 =2.3, only one electron bunch was injected into a stable bubble to form a quasi-monoenergetic electrons beam. With the increase of a 0 , the second electron injection starts to appear. Our simulation illustrates comprehensively the injection and acceleration processes, as shown in Fig. 3 for the electron density (Figs. 3a-3d) , the longitudinal wakefields and trapped electrons in the longitudinal phase space (Figs. 3e-3h) , and the longitudinal profiles of the laser field (Figs. 3i-3l) . At the beginning (Figs. 3a and 3e) , a bubble structure surrounded by a high-density sheath of compressed electron fluid is formed immediately behind the laser pulse. A bunch of electrons is self-injected and accelerated to approximately 300 MeV with a narrow energy spread due to the beam-loading effects. At this stage, the bubble structure remains intact and stable, allowing the first bunch to obtain stable acceleration with small-amplitude betatron oscillations. As the laser pulse propagates further into the plasma (Figs. 3b and 3f) , the first bunch is now quasi-monoenergetic with a higher energy.
During the laser propagation, the laser pulse front begins to steepen due to the relativistic self-phase modulation and the high-density sheath at the front of the laser pulse 24 , as shown in To understand the injection mechanism for the second electron bunch and the occurrence of the betatron oscillation, we have examined the evolution of the laser spot size from the simulations. As shown in Fig. 4 , the laser spot size is slowly self-focused to a minimum value and then defocused and so on at the beginning. This kind of oscillation of the laser spot size is typical when the initial matching condition between the laser spot size and the laser amplitude k p R~k p w=2a 0 1/2 is not satisfied 22 , where k p is the plasma wave number, R is the bubble radius and w is the laser spot size. However, a distinct feature appears later at t=8 ps when the oscillation period of the laser spot size reduces dramatically from 5 ps to 0.8 ps. Approximately at this time, the second bunch is injected and started to be accelerated. We call this new injection mechanism as the oscillating bubble injection (OBI) because the laser spot size oscillation causes the transverse oscillation of the bubble. During the OBI, the bubble oscillation can effectively couple to the transverse motion of the second electron bunch, starting a betatron resonance. As a result, the betatron transverse oscillation period coincides with the laser spot oscillation period. The OBI electrons are injected continuously, resulting in a broad energy spread.
Meanwhile, the strong betatron oscillations of the OBI electron bunch lead to the generation of high-flux betatron radiation. These simulation results agree well with the experimental results for both the electron energy spectrum and the betatron X-ray emission.
It is experimentally demonstrated that the second injected electron bunch results in intense betatron X-ray emission. can be ascribed mainly to the second-injected due to its high-energy and large transverse oscillation amplitude.
In conclusion, we have reported experimental observation of simultaneous generation of a quasi-monoenergetic electron bunch and a bright betatron X-ray emission, where the betatron X-rays are associated with another electron bunch with a broad energy spread and a large wiggling amplitude. Numerical simulation suggests that the quasi-monoenergetic electron bunch is injected and accelerated before the significant evolution of the laser pulse. However, the second electron bunch with a large energy spread is caused by oscillating bubble injection (OBI), which is resonant with the fast oscillation of the laser spot size. The large betatron oscillation amplitudes help to generate betatron X-ray radiation with peak brightness even larger than the third-generation synchrotron radiation sources. Our results suggest a way towards the concurrence of high-quality monoenergetic electron beams and bright betatron X-rays in a single shot laser wakefield accelerator. This is potentially interesting for "single-shot" ultrafast X-ray/electron pump-probe applications, such as phase contrast imaging, X-ray absorption fine structure and X-ray diffractions for warm dense matters with femtosecond time resolution.
METHODS

Laser system
The experiments were performed at the Jupiter Laser Facility, Lawrence Livermore National Laboratory, using the Callisto laser system. This Ti:sapphire system can delivers up to 200 TW in power in a 60 fs laser pulse at the central wavelength λ 0 of 806 nm. The laser pulse was focused with an f/12 off-axis parabolic mirror (OAP) to a vacuum spot of 18 μm (FWHM) in diameter with 35% energy contained at the full-width-half-maximum (FWHM). During the experiments, the peak laser power ranged from 60-155 TW on the target. In the focused region, the laser intensity was I=1.1×10 19 
Gas jet
A supersonic helium gas jet nozzle was used, which is commercially available 26 . It has a rectangular shape of 10 mm in length and 1.2 mm in width, capable of produces a supersonic gas flow with a Mach number ~ 5. The gas densities generated from the gas jet was characterised using fluid dynamic calculations from the manufacturer 27 . The gas jet can generate well-defined uniform gas density profiles in the range of 1×10 18 ~ 3×10 19 cm -3 by changing the helium stagnation pressure. The laser was focused in vacuum at the front edge of the nozzle and at the height of 2 mm above the nozzle.
Diagnostics of electron beams and X-ray radiation
A 16-cm-long 0.98 Tesla dipole magnet, which was centred 112 cm from the exit of the gas jet, was set to disperse the electron beams. Four image plates (Fuji BAS-SR)
were arranged as shown in Initially the laser spot oscillates slowly until around t=8ps when the oscillation period drops dramatically. The injection due to the oscillating bubble (for the second electron bunch) starts afterwards, which is be accompanied by the resonantly-enhanced transverse oscillations of the electron bunch (blue curve). The blue triangle is the X-ray photon number generated in the experiment; The yellow curve and the green curve give the photon numbers calculated by assuming a small amplitude and large amplitude electron transverse oscillations, respectively. 
